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Abstract Effects of the ethylene biosynthesis inhibitors
salicylic acid (SA) and aminoethoxyvinylglycine (AVG)
on germination of Medicago sativa L. somatic embryos and
their conversion to seedlings in relation to carbohydrate
content and a-amylase activity were studied. Both SA, an
inhibitor of ACC oxidase, and AVG, an inhibitor of ACC
synthase, when present in the regeneration medium (0.1
and 1 lM) were found to drastically reduce the embryo
germination rate. In addition, SA and AVG were found to
almost completely or completely, respectively, arrest the
process of embryo conversion to seedlings. The inhibitory
effects of SA and AVG on germination and conversion
may indicate that the processes required endogenous eth-
ylene. AVG and SA clearly slowed down starch disap-
pearance during the 48-h imbibition in the regeneration
medium prior to radicle elongation, which was correlated
with inhibition of the activity of a-amylase, an enzyme
responsible for starch hydrolysis. It is probable that ethyl-
ene may activate a-amylase in the germinating alfalfa
somatic embryos. In contrast, the disappearance of soluble
sugars in the embryos in the presence of the inhibitors
tested was accelerated. The disappearance of soluble sugars
(to null or almost null) in embryos was faster in the pres-
ence of SA in the regeneration medium after 24 and 48 h
compared to the disappearance rate with AVG present in
the medium. Only glucose was present after a 48-h incu-
bation in the regeneration medium in the presence of the
two ethylene biosynthesis inhibitors, in contrast to the
control embryos in which glucose was not detected.
Keywords Alfalfa  a-amylase  Ethylene biosynthesis
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Somatic embryo germination and conversion  Starch
Introduction
Somatic embryogenesis (SE) is a cloning technique based
on tissue culture and can produce an unlimited number of
embryos. To date, such vegetative propagation techniques
are regarded as the lowest-cost methods for producing
uniform, identical plants, particularly of those species that
are difficult to propagate in a natural way (with seeds) or in
other conventional manners. Although the process has been
applied to numerous valuable plants, including Medicago
sativa L., there are still several problems that restrict its
wide use, including (1) asynchronous development of
somatic embryos and (2) low germination and conversion
rates of somatic embryos to normal plantlets. The major
factor affecting seedling vigor of M. sativa L. is the lack of
sufficient and proper storage reserves in somatic embryos
(Lai and others 1995). Unlike seeds, the alfalfa somatic
embryos lack galactomannans because they have no
endosperm (McCleary and Matheson 1976) and contain
relatively low levels of storage proteins (Krochko and
others 1992). Instead of galactomannan, they contain starch
and soluble carbohydrates (Lai and McKersie 1994;
Horbowicz and others 1995). During imbibition, alfalfa
somatic embryos were observed to rapidly lose starch and
soluble sugars; as early as the first day of germination,
50 % of the contents of the above-mentioned storage car-
bohydrates was hydrolyzed (Lai and others 1995). A
positive correlation between increased conversion rate and
starch levels was observed when alfalfa somatic embryos
were maturated on a medium supplemented with abscisic
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acid (ABA) (Fujii and others 1990). On the other hand, Lai
and McKersie (1994) suggested that the quality of mature
somatic embryos, determined by the rate of seedling
development (conversion), was not correlated with starch
content. However, the observed improvement in germina-
tion and conversion of alfalfa somatic embryos by gib-
berellic acid (GA3), a known seed germination stimulator
that accelerates starch hydrolysis through a-amylase
activity, is evidence that starch reserves are responsible for
embryo regeneration (Ke˛pczyn´ska and Zielin´ska 2006).
Moreover, residual amounts of ABA present in somatic
embryos after they have been treated with 20 lM ABA
during the maturation phase can affect the activity of the
enzyme because retardation of starch hydrolysis in the
presence of ABA in the germination medium was corre-
lated with ABA’s inhibitory effect on a-amylase activity
(Ke˛pczyn´ska and Zielin´ska 2006). There is a lack infor-
mation about the role of ethylene in embryo germination
and conversion, although the part played by ethylene in
somatic embryogenesis (SE) of M. sativa L. has already
been widely documented in different phases and regener-
ation protocols (Meijer and Brown 1988; Meijer 1989;
Ke˛pczyn´ski and others 1992; Huang and others 2001;
Ke˛pczyn´ski and others 2009a, b; Ke˛pczyn´ska and Zielin´ska
2011). It has been unequivocally demonstrated that
endogenous ethylene is necessary during differentiation
(Meijer and Brown 1988; Meijer 1989; Ke˛pczyn´ski and
others 1992) and also in proliferation of alfalfa somatic
embryos (Ke˛pczyn´ska and others 2009a, b). Moreover,
disturbance of ethylene biosynthesis and action during
these phases of SE adversely affects the vigor of the
somatic embryos obtained (Ke˛pczyn´ska and Zielin´ska
2011).
In this study we addressed the question of whether
endogenous ethylene, a known stimulator of seed germi-
nation (Ke˛pczyn´ski and Ke˛pczyn´ska 1997; Matilla and
others 2005; Matilla and Matilla-Va´zquez 2008) and
seedling growth (Ke˛pczyn´ski and Ke˛pczyn´ska 1997; Locke
and others 2000), participates in the regulation of M. sativa
somatic embryo germination and conversion (regenera-
tion), and whether it affects soluble sugars, starch accu-
mulation, and the activity of a-amylase, an enzyme
responsible for starch digestion. Therefore, during regen-
eration of embryos in the MS medium we used nonspecific
ethylene biosynthesis inhibitors of ACC oxidase and ACC
synthase: salicylic acid (SA) and aminoethoxyvinylglycine
(AVG). The objectives of the current study were to deter-
mine how modification of ethylene biosynthesis could
affect embryo germination and conversion, and whether
there was a relationship between these processes and car-
bohydrate contents and a-amylase activity during embryo




Mother plants of M. sativa L. cv. Rangelander were grown
in a growth chamber at 23 ± 2 C and 80 % humidity
at a 16-h photoperiod (approximately 120 lmol m-2 s-1
PPFD). Petioles from the second to the fourth nodes from
the top of 2–3-week-old plants were excised and served as
a source of initial explants. They were surface-disinfected
sequentially in 75 % ethanol for 30 s and in 5 % sodium
hypochlorite for 4 min, and then rinsed three times with
sterile water and cut into 1.0-cm pieces.
Regeneration Protocol
For callus induction, initial petiole explants were cultured
for 14 days in 340-mL jars on 40 mL medium of Schenk and
Hildebrandt (1972) with some modifications (McKersie
and others 1989). The medium contained 4.5 lM 2,4-D,
0.9 lM kinetin, 4.35 mg L-l K2SO4, 288 mg L
-l pro-
line, 53 mg L-1 thioproline, and 200 mg L-l myoinositol
(Sigma-Aldrich, St. Louis, MO, USA) and was solidi-
fied with 9 g L-1 LAB-AGARTM (BIOCORP, Warsaw,
Poland). The cultures were incubated at 25 ± 1 C at a
16-h photoperiod (50 lmol m-2 s-1 PPFD). Suspension
cultures were initiated from the proliferated calluses (about
1 g fresh weight [FW]) by subculturing in 100-mL Erlen-
meyer flasks on 40 mL liquid B5g, which is a standard B5
medium (Gamborg and others 1968) modified to contain
4.5 lM 2,4-D and 0.5 lM NAA (Sigma-Aldrich). The
culture was kept for 7 days at 25 C, 50 lmol m-2 s-1
PPFD, and a 16-h photoperiod in a refrigerated incubator
shaker at 120 rpm (Innova 4340, New Brunswick Scien-
tific, New Brunswick, NJ, USA). Small embryogenic cell
aggregates were isolated by sieving the cell suspension
through 500- and 200-lm nylon meshes (Nitex, Sefar AG,
Switzerland). For embryo development, the 200–500-lm
fraction was spread (0.5 mL) on a 200-lm nylon mesh over
hormone-free BOi2Y medium (Bingham and others 1975)
containing 0.15 M sucrose (10 mL medium in 60-mm Petri
dishes). Two weeks later (38 days after induction), somatic
embryos were transferred to the BOi2Y medium with
20 lM ABA (Sigma-Aldrich) (maturation medium). When
the somatic embryos at the cotyledonary stage became
yellow, they were slow-dried by exposure, over 12 days, to
a series of environments of progressively lower relative
humidity (RH). These atmospheres were generated in
desiccators containing saturated salt solutions: NaCl
(RH = 78 %) for 24 h, NH4NO3 (RH = 63 %) for 48 h,
Ca(NO3)2 (RH = 51 %) for 48 h, and K2CO3 (RH =
43 %) for 7 days.
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Germination and Conversion of Somatic Embryos
Twenty randomly selected dried embryos at the cotyle-
donary stage per replicate were germinated on the MS
medium (Murashige and Skoog 1962) with or without
hormones and their inhibitors. After 7 days on the MS
medium, the somatic embryos, with visible radicles longer
than 2 mm, were scored as germinated, and after 2 weeks
the conversion rate (%) was determined. The plant con-
version criterion was the presence of roots and the presence
of at least one trifoliate leaf.
Treatments Involving Inhibitors of Ethylene
Biosynthesis
To perform the treatments, AVG and SA (Sigma-Aldrich),
both ethylene biosynthesis inhibitors, were added sepa-
rately after filtered sterilization to the autoclaved MS
medium at the germination and conversion phases. The
inhibitors were used at concentrations of 0.1 and 1 lM in
solutions of pH 5.8.
Starch Extraction and Analysis
The starch content and a-amylase activity were determined
in the cotyledonary somatic embryos after slow desiccation
and after 24 and 48 h of germination on the MS medium
with or without ethylene biosynthesis inhibitors. The
somatic embryos examined after 24 h did not show ger-
mination, whereas after 48 h some of them showed the
beginning of germination or root elongation (roots shorter
than 2 mm).
Starch was analyzed using the enzyme digestion method
(according to a Sigma-Aldrich the technical bulletin
was attached to the product, which code was SA-20 in
Sigma-Aldrich) and a kit containing two reagents (Product
Code SA-20). Samples of somatic embryos (0.1 g) were
ground with a mortar and pestle and transferred to a
100-mL Erlenmeyer flask. While stirring, 25 mL deionized
water was added to the sample and its pH was adjusted to
5–7, whereupon the sample was boiled, with gentle stirring,
for 3 min. After boiling, the samples were autoclaved at
135 C for 1 h. After removal from the autoclave, the
sample volume was brought to 100 mL by adding deion-
ized water to the solution. The solutions were dosed to
marked test tubes to 1 mL and mixed with 1 mL starch
assay reagent (amyloglucosidase from Aspergillus niger at
a buffer concentration of 50 U mL-1). At the same time, a
sample blank (1 mL sample and 1 mL deionized water), a
starch assay reagent blank (1 mL reagent and 1 mL
deionized water), and a glucose assay reagent blank (2 mL
reagent) were prepared. All the tubes were mixed and
incubated at 60 C for 15 min in a shaking water bath.
After incubation, the tubes were removed and cooled to room
temperature. Then, 200-lL portions of the solutions were
pipetted to new tubes and mixed with 1 mL of the second
reagent—a glucose assay reagent containing 1.5 mM NAD,
1 mM ATP, 1 U mL-1 hexokinase, and 1 U mL-1 glucose-
6-phosphate dehydrogenase with 0.05 % sodium azide as a
preservative. The tubes were mixed and incubated at room
temperature for 15 min. The absorbance of the solutions in
the tubes was measured at 340 nm with water as reference.
The starch content was calculated according to the Sigma-
Aldrich specification.
Extraction and a-Amylase Assay
The activity of a-amylase was measured as described by
Black and others (1996), with some modifications. Dry
somatic embryos and those kept for 24 or 48 h on the
germinating medium (0.1 g FW samples) were homoge-
nized in 3 mL buffer containing 20 mM Trizma maleate
and 1 mM CaCl2 at pH 6.2. The homogenates were cen-
trifuged at 12,000 rpm for 5 min. Then, the reaction mix-
tures, consisting of 1.2 mL buffer and 1.2 mL a-amylase
extract from the sample homogenates, were prepared. The
sample blank was 2.4 mL buffer. These solutions were
preincubated at 37 C for 2 min in a shaking water bath.
Subsequently, Phadebas (Pharmacia Diagnostics, Uppsala,
Sweden), a substrate for a-amylase, that is, a colored
insoluble starch in a concentration of 25 mg mL-1, was
added (0.6 mL). The samples were again incubated at
37 C for 30 min in a shaking water bath. After incubation,
0.6 mL 0.5 M NaOH was added to stop the reaction cat-
alyzed by a-amylase. All the samples were drained to clean
tubes and centrifuged at 2,000 rpm for 3 min. Then, the
absorbance of the supernatant was measured at 620 nm
against a sample blank. A calibration curve using barley
malt a-amylase (Pharmacia Diagnostics) was prepared,
from which units of the extracted enzyme were calculated
and expressed in nanokatals (nkat)/embryo.
Extraction and Determination of Soluble Carbohydrate
Content (HPLC Analysis)
Soluble carbohydrates were extracted from the somatic
embryos as described by Wolkers and others (1999): 10 mg
of dry cotyledonary somatic embryos that were incubated
in the presence of AVG and SA during germination were
homogenized in a mortar with 1 ml 80 % methanol. The
homogenates, transferred to Eppendorf tubes, were incu-
bated in a heater at 76 C for 15 min. After incubation, the
samples were centrifuged at 14,000 rpm for 5 min, and
then methanol was gradually evaporated from the super-
natants in clean tubes in Speedvac Eppendorf (45 C for
2 h). The residue in the tubes was dissolved in the mixture
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of 70 % acetonitrile (J.T. Baker, Mallinckrodt Baker Inc.)
(ACN, 0.6 mL) and ultrapure water (0.2 mL). After fil-
tration, the samples were poured into new vessels with
rubber stoppers and were analyzed in the Agilent 1100
HPLC system, equipped with an isocratic pump, RID
detector, and Zorbax carbohydrate column (5 lm,
250 9 4.6 mm), at 40 C at a flow rate of 70 % ACN/H2O
1.5 mL min-1 for 22 min. The soluble sugars glucose,
sucrose, raffinose, and stachyose were detected and iden-
tified using a calibration curve method with original
external standards from Sigma-Aldrich. The quantities of
glucose, sucrose, raffinose, and stachyose were calculated
using ChemStation LC Rev. A.10.01 (Agilent Technolo-
gies, Palo Alto, CA, USA).
Statistical Treatment
Each experiment was run in five replicates. The statistical
treatment of the data involved the analysis of variance
(ANOVA) using Statistica for Windows v6.0 software
(Statsoft Inc., Tulsa, OK, USA). Differences between
means were considered to be significant at p \ 0.05, as
indicated by Duncan’s multiple-range test.
Results
Effects of Ethylene Biosynthesis Inhibitors SA
and AVG on the Germination and Conversion
of Somatic Embryos
Addition of SA, an inhibitor of ACC oxidase activity, to
the germination MS medium at concentrations of 0.1 and
1 lM had an inhibitory effect on embryo germination.
After 168 h (7 days), about 60 and 80 % germination
reduction rates were observed, respectively (Fig. 1). The
presence of AVG, another ethylene biosynthesis inhibitor
that depresses ACC synthase activity, in the above-men-
tioned medium inhibited the germination as well. AVG
concentrations of 0.1 and 1 lM resulted in about 77 and
87 % inhibition, respectively, compared to the control.
The presence of SA in the regeneration medium resulted
in a sharp drop in the conversion ability of the germinated
embryos between days 7 and 14 (Table 1). When the
inhibitor was applied at concentrations of 0.1 and 1 lM, it
caused nearly 85 and 90 % conversion reductions, respec-
tively, compared to the control. A still larger inhibitory effect
on the process was observed when AVG was applied at
concentrations of 0.1 and 1 lM; the effect was a complete
inhibition of conversion in the germinated embryos.
Effects of SA and AVG on Starch Content and a-
Amylase Activity in Imbibed Somatic Embryos
Because starch is a major carbohydrate storage compound
in alfalfa somatic embryos, subsequent experiments were
aimed at finding out if inhibition of ethylene biosynthesis
during imbibition, the first phase of the germination pro-
cess, would affect starch hydrolysis (Table 2). The starch
level in dry somatic embryos was nearly 14 times higher
(2,230 lg/embryo) than that in embryos imbibed for 24 h
on the germination MS medium (160 lg/embryo). At this
time, the embryonic root apex was enlarged. After 48 h,
when the embryos (10 %) were beginning to show the start
of root elongation (below 2 mm) (Fig. 1), starch was
present in the embryos at concentrations as low as 51 lg/
embryo, with the concentrations about three times lower
than those in 1-day imbibed embryos (Table 2). Thus,
during the first period of incubation on the germination
medium (48 h), starch was observed to disappear very
quickly. Addition of SA to the germination medium at
0.1-lM concentration had no effect on the starch hydro-
lysis rate after 24 h compared to control. However, in the
presence of 1-lM concentration, SA slowed down the
disappearance of starch in the embryos after 24 h: starch
Fig. 1 Effects of SA and AVG on the dynamics of M. sativa L.
somatic embryo germination over 7 days
Table 1 Effects of SA and AVG on conversion (after 14 days) of
somatic embryos of M. sativa L
Ethylene biosynthesis
inhibitors (lM)
Conversion (% ± SE)
SA AVG
0 73.3 ± 1.5a
0.1 11.1 ± 0.5b 0.0 ± 0.3d
1 8.3 ± 0.8c 0.0 ± 0.2d
Data are the means of five replicates. Means with common letters are
not significantly different at p \ 0.05, according to Duncan’s multi-
ple-range test
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hydrolysis was about four times slower than in the control.
A similar effect was observed when AVG was added to the
germination medium at 0.1- and 1-lM concentrations.
Parallel to starch content assays, the a-amylase activity
in the embryos mentioned above was analyzed (Table 2).
The enzyme activity in the embryos after 24-h imbibition
on the MS medium was at its highest and was about 53
times higher than that in dry embryos. When embryo roots
started to elongate (below 2 mm) between 24 and 48 h of
incubation on the germination medium (Fig. 1), the
enzyme activity clearly decreased, although it was 29 times
higher than that in dry embryos. The two ethylene bio-
synthesis inhibitors, at concentrations of 0.1 and 1 lM,
drastically inhibited the a-amylase activity after 24 and
48 h of embryo incubation. The enzyme activity in the
embryos germinated in the presence of 0.1 and 1 lM SA
was about 20 and 130, which was 10 and 95 times lower
after 24 and 48 h, respectively, than in the embryos not
treated with SA. AVG at 0.1 and 1 lM evidently inhibited
the a-amylase activity as well; about 19-fold and 190-fold
reductions in the activities of this enzyme were recorded
after 24- and 48-h imbibition of the embryos, respectively.
These results indicate that the observed inhibition of starch
hydrolysis in the presence of ethylene biosynthesis inhib-
itors was correlated with inhibitory effects of these com-
pounds on the activity of a-amylase, the enzyme
responsible for starch hydrolysis.
Changes in the Content of Soluble Carbohydrates
During Incubation on the MS Medium in the Absence
and Presence of SA and AVG
Because alfalfa somatic embryos store soluble carbohy-
drates in addition to starch, we also examined changes in
the concentration of soluble sugars during imbibition on
the germination MS medium in the absence and presence
of ethylene biosynthesis inhibitors SA and AVG (Tables 3,
4). In dry embryos, the content of total soluble sugars
(5.3 % stachyose, raffinose, sucrose, and glucose) was
about 17 times lower than the starch content. Stachyose
and raffinose dominated among carbohydrates, accounting
for 2.17 and 1.72 % of total carbohydrates, respectively.
The level of glucose, a monosaccharide, was the lowest:
about 0.2 % of total carbohydrates per embryo was recor-
ded. The content of sucrose, a disaccharide, was about 4
times higher than that of glucose. During 24 h of imbibi-
tion on the germination MS medium, a very fast disap-
pearance of carbohydrates was observed. Concentrations of
starch and soluble sugars (glucose, sucrose, raffinose, and
stachyose) decreased significantly compared to those in dry
embryos. The highest degradation (14-fold reduction) was
observed in starch, followed by stachyose (10-fold), glu-
cose (4-fold), sucrose (3-fold), and raffinose (2-fold). Over
the next 24 h of imbibition, a further reduction in the sugar
contents was observed, with no glucose detected in the
imbibed embryos after 48 h. Sucrose and raffinose were
disappearing at rates comparable to those observed in the
embryos during the first 24 h of imbibition, but the dis-
appearance rate was clearly diminished in stachyose.
In the embryos imbibed for 24 and 48 h in the presence
of SA, applied at concentrations of 0.1 and 1 lM, no
sucrose, raffinose, and stachyose were detected (Table 4).















0 2230a 160c 51d 0.020d 1.054a 0.570b
SA 0.1 158c 142c 0.055c 0.059c
SA 1 650b 650b 0.008e 0.006e
AVG 0.1 216c 193c 0.055c 0.029d
AVG 1 610b 550b 0.006e 0.003f
Data are the means of five replicates. Means with common letters are not significantly different at p \ 0.05, according to Duncan’s multiple-
range test










Starch 94.67a 6.79b 2.17c
Glucose 0.2h 0.05i 0i
Sucrose 1.24e 0.38g 0.15h
Raffinose 1.72d 0.78f 0.45g
Stachyose 2.17c 0.21h 0.11h
Data are the means of five replicates. Means with common letters are
not significantly different at p \ 0.05, according to Duncan’s multi-
ple-range test
a 100 % was the amount of total carbohydrates in dry embryos
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Under those conditions, only vestigial quantities of glucose
were detected. The presence of AVG, another ethylene
biosynthesis inhibitor, during imbibition sped up the dis-
appearance of sucrose and raffinose as well, but the dis-
appearance rate was not as drastic as that caused by SA.
Those embryos imbibed for 24 and 48 h failed to show any
trace of stachyose. In contrast to the control embryos,
which contained no glucose after 48 h, the somatic
embryos exposed to AVG showed the presence of glucose
at a nearly identical level as that in the control embryos
after 24-h imbibition.
To summarize, SA and AVG accelerated the disap-
pearance of soluble sugars except glucose (Table 4), in
contrast to starch, the hydrolysis of which was retarded in
the presence of these ethylene biosynthesis inhibitors
(Table 2).
Discussion
Plant hormones, including ethylene, are extremely impor-
tant for the regulation of seed germination and seedling
growth (Esashi 1991; Ke˛pczyn´ski and Ke˛pczyn´ska 1997;
Matilla 2000; Kucera and others 2005; Bradford and
Nonogaki 2007). There is a lack of information on the role
of endogenous ethylene during germination of the embryo
and its conversion to a seedling. Inhibition of germination
of somatic embryos of M. sativa L. cv. Rangelander due to
the presence of two nonspecific ethylene biosynthesis
inhibitors SA and AVG suggests that the process requires
ethylene biosynthesis. As demonstrated earlier, application
of those inhibitors during the proliferation phase of somatic
embryogenesis not only brings about a decline in ethylene
production and embryogenic suspension proliferation, it
also inhibits production of embryos and their development,
and, moreover, results in a loss of ability of the cotyle-
donary embryos kept on the differentiation and maturation
media to germinate and convert when kept on the regen-
eration medium (Ke˛pczyn´ska and Zielin´ska 2011). Thus,
the results obtained previously and those reported in this
article clearly indicate that endogenous ethylene, depen-
dent on ACO and ACS activities, is required for germi-
nation and conversion of the somatic embryos of M. sativa
L. cv. Rangelander.
The role of ethylene in seed germination is still being
debated. Studies involving ethylene biosynthesis inhibitors
(AOA and AVG) suggest that in several species, ethylene
promotes the germination of nondormant seeds, with the
germination rate (radicle protrusion) related to the level of
ethylene production (Ke˛pczyn´ski and Ke˛pczyn´ska 1997;
Matilla and Matilla-Va´zquez 2008). The maximum ethyl-
ene production in these seeds is usually detected after
germination has ended (radicle protrusion); small amounts
of the gas are also produced prior to germination (imbibi-
tion) and immediately before protrusion (Ke˛pczyn´ski and
others 2003; Matilla and Matilla-Va´zquez 2008). In regard
to the genes involved in ethylene synthesis, Iglesias-
Ferna´ndez and Matilla (2010) showed the expression of
SoACS7 (ACC synthase gene) in Sisymbrium officinale L.
seeds just prior to radicle emergence, whereas SoACO2
(ACC oxidase gene) expression slowly increased as ger-
mination progressed. Still, little is known about the
mechanism of ethylene’s role in the germination of ethyl-
ene-dependent seeds. The primary involvement of ethylene
may be in the promotion of radial cell expansion in the
embryogenic axis, increased respiration, or induction of
b-1,3-glucanase responsible for endosperm rupture and
radicle protrusion (Bradford and Nonogaki 2007; Matilla
and Matilla-Va´zquez 2008). Thus, the results obtained
from this study indicate the importance of ethylene bio-
synthesis also in the germination of M. sativa L. somatic
embryos. The alfalfa somatic embryos are structurally
different from seeds lacking both a coat and an endosperm,
so they were not able to regulate water imbibition and gas
exchange. Moreover, due to the lack of endosperm, they
Table 4 Content (lg/embryo) of glucose, sucrose, raffinose, and
stachyose after 24 and 48 h on regeneration medium of alfalfa











0 7.23a 1.2b 0.00d
SA AVG SA AVG
0.1 – 0.10d 0.89c 0.10d 0.70c
1 – 0.23d 1.34b 0.08d 1.45b
Sucrose
0 29.3a 9.03b 3.5c
SA AVG SA AVG
0.1 – 0.00d 0.00d 0.00d 0.00d
1 – 0.00d 0.18d 0.00d 0.12d
Raffinose
0 40.7a 18.4b 10.5c
SA AVG SA AVG
0.1 – 0.00e 8.82d 0.00e 6.72d
1 – 0.12e 7.31d 0.00e 5.05d
Stachyose
0 51.3a 4.9b 2.57c
SA AVG SA AVG
0.1 – 0.00d 0.00d 0.00d 0.00d
1 – 0.00d 0.00d 0.00d 0.00d
Data are the means of five replicates. Means with common letters are
not significantly different at p \ 0.05, according to Duncan’s multi-
ple-range test
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cannot store galactomannans, the major storage carbohy-
drate in seeds (McCleary and Matheson 1976). Instead of
galactomannans, starch is the major reserve accumulated in
the somatic embryos during differentiation and maturation
in the presence of sucrose in the medium (Horbowicz and
others 1995; Lai and others 1995), although other carbo-
hydrates were present in mature embryos as well. The
somatic embryos reported in this study had developed
completely in a sucrose-rich (30 g/L) medium, and the
total content of soluble carbohydrates (stachyose, raffinose,
sucrose, and glucose, 128.5 lg/dry embryo) was nearly 17
times lower than the starch content (2,230 lg/dry embryo).
Similar results were reported for somatic embryos of
avocado (Sanchez-Romero and others 2002) and Acca
sellowiana (Pescador and others 2008). Starch, as the major
carbohydrate storage compound in the alfalfa somatic
embryos, was observed to rapidly disappear; after 24 h on
the MS germination medium, more than 95 % of the starch
stored by dry embryos was hydrolyzed. Due to the lack of a
coat and endosperm, dried embryos were rapidly rehy-
drated, which accelerated hydrolysis of stored reserves.
Although somatic embryos of M. sativa do not have an
endosperm like seeds in which a-amylase synthesis occurs,
they are able to produce a-amylase (Ke˛pczyn´ska and Zi-
elin´ska 2006), the enzyme responsible for starch degrada-
tion during germination of alfalfa seeds (Kohno and
Nanmori 1991). In the absence of aleurone tissue and
endosperm in the somatic embryos of monocot bamboo,
the scutellum plays a substitute role in amylase accumu-
lation and acts as a starch deposition site (Godbole and
others 2004). The inhibitory effect of ethylene biosynthesis
inhibitors present in the germination medium on a-amylase
activity in embryos after 24 and 48 h on the MS medium
and the inhibition of starch hydrolysis suggest that endo-
genous ethylene participates in the regulation of the
enzyme’s activity. A similar inhibition of a-amylase
activity accompanied by slowed-down starch hydrolysis by
acetylsalicylic acid, an ethylene biosynthesis inhibitor, was
observed in postharvest kiwifruit (Zhang and others 2004).
Application of ethylene induced amylase activity and
accelerated starch hydrolysis in these fruits. Application of
2,5-norbornadiene (NBD), an ethylene action inhibitor,
resulted in the inhibition of a-amylase activity after 20 h of
imbibition of Amaranthus caudatus cv. atropurpureus
seeds, with exogenous ethylene increasing the activity of
the enzyme (Białecka and Ke˛pczyn´ski 2003). According to
Jones (1968), ethylene can increase or decrease the quan-
tity of a-amylase in two ways: by affecting the synthesis of
the enzyme and by influencing the a-amylase release.
In addition to starch, the alfalfa somatic embryos con-
tained other storage materials: soluble carbohydrates (glu-
cose, sucrose, and RFO family sugars raffinose and
stachyose). The rate at which soluble carbohydrates were
utilized was analyzed in germinating seeds of many plant
species. Upon imbibition, RFOs disappear rapidly, almost
completely, before radicle protrusion (Go´recki and others
1997), but the mechanism of soluble carbohydrate break-
down is far from understood (Peterbauer and Richter
2001). a-Galactosidases were responsible for oligosaccha-
ride hydrolysis during germination in, for example, lettuce
(Leung and Bewley 1981), tomato (Feurtado and others
2001), and seeds of different legumes: Lupinus luteus L.
(Lahuta and others 2000), Phaseolus lunatus, Cajanus
cajan, Sphenostylis sternocarpa, Canavalia ensiformis
(Oboh and others 2000), and sunflower seeds (Kim and
others 2003); however, in Arachis hypogea seeds, for
example, both a- and b-galactosidases were involved
(Bryant and others 2004). However, correlation between
the RFO breakdown and a-galactosidase activity was
observed only in the seed endosperm, which contains both
RFOs and galactomannan, but not in the embryo, which is
devoid of the latter (Peterbauer and Richter 2001). Exog-
enous ethylene was found to increase the a-galactosidase
activity in the endosperm and the testa during galacto-
mannan degradation, suggesting an inducing effect of the
hormone on the hydrolyzing enzyme during 2-day imbi-
bition (before radicle protrusion) of Sesbania virgata seeds
(Tonini and others 2010). Moreover, Tonini and others
(2010) observed that glucose and sucrose are reduced after
day 4, which suggests that the seedlings start to consume
sugars for growth at the same time as galactomannan
products are exhausted. During imbibition for up to 20 h
(40 % of radicle protrusion) of Amaranthus caudatus
seeds, exogenous ethylene produced a decrease in the
contents of RFO, galactinol, and myoinositol, and a
simultaneous increase in the contents of glucose, fructose,
galactose, maltose, and maltotriose (Białecka and Ke˛pc-
zyn´ski 2007).
The somatic embryos of M. sativa L. imbibed on the MS
medium, showed that after 24 and 48 h (before radicle
protrusion) there was a gradual reduction of RFO (raffinose
and stachyose) as well, which could suggest the presence of
a-galactosidases. However, in contrast to the seeds men-
tioned above, a reduction in sucrose and glucose was also
observed. Acceleration of the use of sucrose, raffinose, and
stachyose in the imbibed alfalfa somatic embryos in
the presence of AVG and SA, the ethylene biosynthesis
inhibitors, probably requires a reduced level of endogenous
ethylene. The drastic reduction of the starch and RFO
levels in the somatic embryos of M. sativa during imbibi-
tion (to 48 h) may have limited the rate of some anabolic
reactions, which could have slowed down radicle and
hypocotyl elongation and leaf development. The embryos
converted to seedlings (70 % conversion rate) after only
14 days, with the process drastically reduced or nonexis-
tent in the presence of SA or AVG in the regeneration MS
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medium, respectively. The lack of glucose in the control
embryos after 48-h imbibition and the presence of the
monosaccharide in those embryos imbibed on the medium
supplemented with ethylene inhibitors is very interesting
and needs more attention in the future, particularly in view
of the information that glucose plays vital roles in plant
growth and development as both an energy source and a
signaling molecule, which is further controlled by phyto-
hormones (Leon and Sheen 2003). Li and others (2009)
observed that low levels of exogenous glucose in the MS
germination medium of tobacco seeds promote seedling
development, but that higher levels retard the process
(smaller leaves, shorter roots, reduced FW). Their pre-
liminary results indicate also that ethylene action and
glucose response antagonistically affect root elongation.
The results reported in this article suggest that for the
first time, endogenous ethylene in the regeneration medium
may be involved in regulation of M. sativa L. embryo
germination and conversion by controlling starch hydro-
lysis through the influence on a-amylase activity and
metabolism of soluble carbohydrates.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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